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This paper provides an overview of the parametric mass models used for the Entry, 

Descent, and Landing Systems Analysis study conducted by NASA in FY2009-2010. The 
study examined eight unique exploration class architectures that included elements such as a 
rigid mid-L/D aeroshell, a lifting hypersonic inflatable decelerator, a drag supersonic 
inflatable decelerator, a lifting supersonic inflatable decelerator implemented with a skirt, 
and subsonic/supersonic retro-propulsion. Parametric models used in this study relate the 
component mass to vehicle dimensions and mission key environmental parameters such as 
maximum deceleration and total heat load. The use of a parametric mass model allows the 
simultaneous optimization of trajectory and mass sizing parameters. 

I. Introduction 

J^JARS design reference architecture 5.0 (DRA5) is the latest NASA study that provides a common framework 
for future planning of systems concepts and technology development [1]. The Entry, Descent, and Landing (EDL) 
system is one the critical elements of the entire architecture, and NASA has commissioned a follow on EDL System 
Analysis (EDL-SA) study to identify and roadmap the EDL technology needed to successfully land large payloads 
on Mars for both robotic and human-scale missions. The EDL-SA first year results are documented in a NASA 
report [2], and this paper provides the details of parametric mass models used in the EDL-SA study. 
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II. EDL-SA Architecture Set and Mass Models 


The EDL-SA exploration class architecture set consists of eight architectures shown in Fig. 1. A detailed 
discussion on each architecture set can be found in Ref. 1 . The architecture set contains five unique components (see 



Fig. 1 Exploration class architectures. 

Fig. 2): the rigid mid-L/D aeroshell, a lifting hypersonic inflatable decelerator (LFIIAD), a drag supersonic inflatable 
decelerator (DSIAD), a lifting supersonic inflatable decelerator implemented with a skirt on an LFIIAD (LSAID- 
Skirt), and subsonic/supersonic retro-propulsion (SRP). The next section provides an overview of parametric mass 
models for rigid mid-L/D aeroshell, HIAD, SIAD, and SRP. 

III. Parametric Mass Models and Components 

There were two key requirements for the EDL-SA mass models: the models had to be parametric and consistent 
across all architectures. Parametric models are mathematical representations that relate the component mass to the 
vehicle dimensions and mission key environmental parameters such as maximum deceleration and total heat load. 
The model consistency is achieved by sharing similar mass model components across all eight architectures. 
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A. Rigid Mid-L/D Aeroshell 

The rigid mid-L/D aeroshell is a modified version of the dual-use Ares-V shroud used by the DRA5 study [1], 
The aeroshell has a straight b a ire I section with a hemispherical nose cap. The nominal total length is 30 m and the 
nominal outside diameter is 10 m. (Recent packaging results indicate that a rigid aeroshell with either SRP or SI AD 
for supersonic deceleration can comfortably fit within the Ares-V shroud; however, simulation results are not yet 
available for this option.) The mass model for rigid mid-L/D consists of six subcomponents: structure, acoustic 
blanket, separation mechanism, body flaps, avionics, and TPS. 

The Ares-V finite-element (FE) analysis process was used to generate the structural mass estimates. The work 
was performed by Daniel Pinero and Lloyd Eldred. Loft [3], an in-house computer program, was used to automate 
the FE model generation with appropriate launch, aerocapture, and entry load cases. NASTRAN and Hypersizer® 
were used to analyze and determine optimal structural mass subject to material and buckling constraints that were 
developed for the Ares-V project. The barrel section consists of eight longerons and six frames (divided into five 
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design groups). The hemispherical nose section consists of 8 longerons formed into one design group. Payload is 
attached to the second and the fifth frames as shown in Fig. 3. A 25% mass growth allowance was added to the 
optimal mass to account for minimum gage 


design, required fasteners, and other structural 
components not included in the FE model to 
obtain a current best estimate. 



A response surface equation (RSE) for the 
structural mass estimate was developed based on 
FE mass estimates. The RSE includes the 

Fig. 3 Finite-element model of the rigid Mid-L/D 

following independent variables: diameter, total aeroshell. 

length, arrival mass, maximum dynamic 

pressure, and maximum lateral and axial decelerations. Figure 4 shows structural (structure, acoustic blanket, 
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Fig. 4 Structural (left) and TPS (right) mass for the rigid aeroshell of architecture 1. 


separation mechanism, body flaps, and avionics) and TPS mass variations for a nominal case, excluding system- 


level mass growth allowance and system-level margin. The response surface equations for the structure mass model 


are listed in Table A1 of the Appendix. 
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Acoustic constraints for the Mars EDL-SA payload are presently unknown. Mars surface power system may 


include radioisotope systems (RPSs), which could have a considerable impact on the acoustic blanket design. 
Standard acoustic blankets are most effective at 400 Hz and above (e.g., Titan IV has a 7.62 cm blanket with a one 
kg/m2 areal density). The Cassini blanket design was driven by radioisotope thermoelectric generators (RTGs) 
environment, which was qualified for the Galileo and Ulysses missions. The blanket was designed for 200-250 Hz 
(15.24 cm blanket with a 3.9 kg/m2 areal density). Ares-V is currently (October 2009) using a heavier, 2.54 cm 
thinner, blanket (15.24 cm blanket with 6.28 kg/m2 areal density), and this blanket is used for the rigid aeroshell 
model. It is recognized that, depending on the packaging schemes selected for the architectures utilizing IADs, the 
IAD material may serve a dual use as acoustic blanket. However additional detailed analysis and testing are needed 
and so for this analysis, the acoustic blanket mass is book kept separately. The mass estimate will be adjusted when 
there is additional information and a better understanding of Mars EDL payload acoustic requirements and 
packaging arrangements. 

The mass for the body flaps is a point design mass that is added to the aeroshell mass. There are two flaps that 
are 2 m wide by 13.1 m long; assuming 150 degrees warp angle. The areal density is 16.7 kg/m2 for flaps and 9.8 
kg/m2 for the TPS. The mass estimate for flaps includes additional mass for actuation, hydraulics, and APU 
consumables. However the body flaps were not required in the final analysis. 

The TPS is a dual-layer PICA on top of LI-900, and the mass model is function of reference area and total heat 
load for aerocapture and entry. The TPS mass includes an attachment mass, which is 44% of the TPS mass. Table 1 
shows nominal simulation parameters and the mass breakdown for a rigid mid-L/D aeroshell for architecture 1 . 


Table 1 Nominal parameters and mass breakdown for architecture 1 


Variable 

Value 

Mass Components 

kg 

Diameter, m 

10 

Structure 

6341 

Length, m 

30 

Acoustic Blanket 

6415 

Aerocapture Heat Load, MJ/m 2 

345 

Separation System 

2065 

Entry Heat Load, MJ/m 2 

130 

Avionics 

222 

Max Dynamic Pressure, kPa 

11 

Flap 

1729 

Max Lateral Deceleration, m/s 2 

29 

TPS 

9199 

Max Axial Deceleration, m/s 2 

4 

Total 

25971 

Arrival Mass, mT 

110 
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B. Hypersonic Inflatable Aerodynamic Decelerator (HIAD) 


The HIAD design is based on the Mars Inflatable Aeroshell Entry System (MIAS) model [4] that is a 60° sphere- 
cone aeroshell. The model consists of an inflatable structure, flexible TPS, avionics, separation system, payload 
adapter and a rigid payload containment structure known as a heatshield. The inflatable mass model is based on the 
models developed by NASA in the 1960’s and 1970’s. The model incorporates a double stacked-toroid consisting of 
radial straps to tie toroids together and carry radial loads, gores to carry circumference pressure loads, axial straps to 
carry the buckling loads, torus reinforced fabric to counter the hoop stress, a gas barrier, inflation gas, and gas 
generators. The straps and reinforcing fabrics are made of Kevlar-49, and the gores and gas barrier are made of 
Upilex. The mechanical properties of fabrics are reduced for operations in an elevated thermal environment. The 
design factors of safety for the HIAD follow the NASA standard for soft goods [5]. 

The toridal structural concept is based on Brown’s design [6] that uses a minimum- weight fiber-reinforced film. 
The design uses widely spaced reinforcing fibers bonded to the surface of the film, as shown in Fig. 5. Brown [6] 
concludes that the 12X advantage in specific strength of fiber compared to film results in a 7X lower mass, 
compared to the same size toms fabricated with unreinforced film for the same burst pressure. 

It is assumed that the fabric bondline temperature is 200°C with a 
material knockdown factor of 0.5. The material knockdown factor 
needs further testing for better understanding. The load factor of safety 
is set to 4 per NASA requirements for soft goods. Figure 6 shows the 
HIAD inflatable mass contours for various diameter and maximum 
dynamic pressures based on a 9 m heatshield diameter. The inflatable 
mass includes radial straps, gores, tori, inflation gas, and inflation 
system with appropriate knockdown factors due to an elevated thermal 
environment, and NASA factors of safety. Solid gas generators are used to produce the inflation gas. The response 
surface equations for inflatable structure mass model are listed in Table A2 of the Appendix. 

Brown [7] recommends using 7.55% of launch mass for the payload adapter. The payload adapter for this study 
is set to 2% of arrival/entry mass, because the adapter is assumed to carry small mechanical load during launch and 
it is primarily used during the aerocapture and entry phases. 



Fig. 5 Reinforcing fibers concept. 
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The flexible TPS is silica felt/silicone, and the parametric model is a function of reference area, the aerocapture 
heat load, and entry heat load. The current flexible TPS mass model is for an ablator that is limited to diameters less 
than 50 m. The TPS areal density for aeroshell diameters greater than 50m is held fixed at the areal density of a 50- 
m aeroshell. The TPS model is suitable for high to moderate heat rates and loads. Due to the large aeroshell 
diameters, the use of this TPS mass model for architecture 6 may produce less accurate results. The next generation 
of mass model will include an updated model for a flexible insulator that will be suitable for larger diameters with 
lower heat rates and heat loads. Figure 6 shows TPS mass contours for architecture 2 as a function of heat loads. 
Table 2 shows the nominal parameters and mass breakdown for architecture 2. 




Fig. 6 Inflatable structural (left) and TPS (right) mass for the HIAD of architecture 2. 


Table 2 Nominal parameters an d mass breakdown for architecture 2 


Variable 

Value 

Components 

Mass, 

mT 

% 

Areal Density, 
kg/km J 

Diameter, m 

23.0 

Adapter 

2.2 

21.2 

5.3 

Heatshield diameter, m 

9.0 

Heatshield 

1.1 

10.2 

2.6 

Aerocapture Heat Load, MJ/m 2 

87.3 

Inflatable 

1.8 

16.8 

4.2 

Entry Heat Load, MJ/m 2 

26.1 

Avionics 

0.1 

0.9 

0.2 

Max Dynamic Pressure, Pa 

4240.1 

Separation 

1.3 

12.4 

3.1 

Payload Mass, mT 

40.0 

TPS 

4.0 

38.5 

9.7 

Arrival Mass, mT 

83.6 

Total 

10.5 

100.0 

25.1 

HIAD Mass, mT 

10.5 
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C. Supersonic Inflatable Aerodynamic Deeelerator (SIAD) 

The SIAD, deployed after peak heating, is a tension cone model with no TPS and no knockdown factors for 
fabric due to high temperature. The SIAD model does include NASA recommended factors of safety for loads. A 
modeling approach similar to HIAD was used to design the SIAD components. 


D. Supersonic/Subsonie Retro-Propulsion (SRP) 

Architectures 1, 2, and 4 use supersonic RP modules; and architectures 5 through 8 use subsonic RP. 
Architecture 3 uses RP for the entire EDL segment. 

The Exploration Architecture Model for the lN-space and Earth-to-orbit (EXAMINE) [8] modeling tool, 
developed in-house at NASA Langley, was used to develop the parametric mass estimates of the SRP stage for all 
architectures. 

Three RSE mass models were generated: one for architectures that do not jettison discrete dry mass prior to 
entiy (architectures 1, 2, 6, 7, 8); one for architectures that jettison a portion of the entry system dry mass prior to 
entry (architectures 4, 5); and one for the all-propulsive architecture (architecture 3). Table 3 shows independent 
variables as well as the upper and lower limits for the response surface equations. Table 4 shows the dependent 
variables. 


Table 3 SRP independent variables and limits for response surface equations 


Architectures 1,2, 4, 5, 6, 7, 8 3 


Independent Variable 

Lower 

Bound 

Upper 

Bound 

Lower 

Bound 

Upper 

Bound 

Payload, mT 

10 

60 

10 

60 

Terminal Descent AV, km/s 

0.2 

1.5 

4 

5.5 

Initial T/W (Mars g’s) 

3 

11 

1 

4 

Area Ratio 

10 

200 

10 

200 

Aeroshell (Struc+TPS+misc), mT 

5 

55 

NA 

NA 

Aerocapture Apo-Correct. AV, m/s 

0 

150 

NA 

NA 

Descent Orbit insertion AV, m/s 

0 

500 

NA 

NA 

Percent pre-entry aeroshell Jettison, % 

20* 

90* 

NA 

NA 


*Used for architectures 4 and 5 







The primary SRP structure is an 8.8 m diameter aluminum-lithium (Al-Li) cylinder that supports the tank system 
and payload. This primary structural mass is estimated from a historically-based empirical curve fit [9]. Thrust 
structure mass is based on a historical fit 


Table 4 SRP dependent variables 


accounting for stage diameter, the number of 
engines and the thrust load. Secondary 
structure mass is 25% of the primary plus thrust 
structure masses. Landing gear mass is 2.5% 
of the landed mass on Mars. Multilayer 
insulation (MLI) is 5 cm thick (39.4 kg/m3) 
covering the exterior structure, providing 
thermal control of the spacecraft. It is assumed 
that power is provided by the payload. The 
design includes a fluid cooling loop that 
collects heat from the avionics cold-plates and 


Dependent Variables 


SRP Initial Mass, mT 

Aeroshell initial Mass*, mT 

Stack Mass at Arrival, mT 

Stack Mass at Entry, mT 

Stack Mass at Terminal Descent Initiation, mT 

Stack Mass at Landing, mT 

SRP Propellant Mass, mT 

SRP RCS Propellant Mass, mT 

Aeroshell RCS propellant mass*, mT 

SRP Thrust Per Engine, lbf 

Engine T/'W (Mars g’s) 


*Not Applicable for Architecture 3 


cryogenic tankage (up to 10 kW), and heat is returned to payload thermal cooling system for heat rejection. The 
avionics model includes UHF, X-band, Ka-band communication systems, quad-fault tolerant flight computer, 
ranging and Doppler used for interplanetary position determination, and dual-fault tolerant laser radar (LADAR) 
altimeter for precision landing and hazard avoidance. 

Liquid oxygen (LOX) and liquid methane (LCH4) propellants are used for both the main propulsion system 
(MPS) and the reaction control system (RCS). The MPS has four pump-fed expander engines each operating at 650 
psia chamber pressure and a mixture ratio of 3.5. Because stage thrust-to-weight (T/W) and engine area ratio were 
selected as independent variables, the required thrust varies from case to case and in the overall 
closure/optimization. Thus, a set of RSE’s for the MPS were developed to quickly predict the engine characteristics 
(vacuum specific impulse, engine thrust-to-weight, engine length and exit diameter) as a function of required thrust 
and area ratio. Figure 7 shows the vacuum specific impulse (Ispv) and engine T/W data used in the performance and 
sizing analysis. 

For all architectures except architecture 3, two Al-Li cylindrical LOX tanks and two Al-Li cylindrical LCH4 
tanks are packaged within the primary structure with the maximum diameter of each MPS tank limited to 3 m. For 
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the all-propulsive 
architecture 3, the 2x2 tank 
packaging arrangement 
yielded tanks with 
extremely high length-to- 
diameters due to the need 
to package the additional 
propellant required by the 
all-propulsive case. At 


375 
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Fig. 7 SRP specific impulse vs. engine thrust-to-weight. 

diameter, the tank and 

stage structure mass grows quickly and does not allow model convergence. Thus, to limit the maximum tank 
length-to-diameter, an inline tank arrangement was used for architecture 3 with one forward LOX tank and one aft 
LCH4 tank, each limited to 8.8 meters in diameter. For all architectures, the MPS tanks stored propellant at 50 psia 
and utilized advanced cryogenic propellant management technology to minimize boiloff (50 layers of MLI plus 
single-stage cryocooling system) and provide autogeneous pressurization and control. The RCS has sixteen 
pressure-fed thrusters each producing 100 lbf. Each thruster operates at a chamber pressure of 125 psia, a mixture 
ratio of 3.0, and an area ratio of 40, delivering a vacuum specific impulse of 334.5 sec. The RCS propellants are 
stored at 250 psia in two spherical graphite-wrapped aluminum tanks, one for LOX and one for LCFI4. To minimize 
boiloff, 30 layers of MLI plus a single-stage cryocooling system are employed while a 6000 psia gaseous helium 
system provides consumables for RCS tank pressurization. For all architectures, 100 m/s AV is allocated for RCS 
operation during landing. For architecture 3, an additional 100 m/s AV is allocated for RCS operation during entry. 

Ground rules of the study required the dry mass growth allowance to be 15% of the basic dry mass and an 
additional 30% (of the basic mass) is carried as system level margin. Thus, a total of 45% dry mass reserve is 
included in the mass estimates. Table 5 shows the mass breakdown for architectures 1 and 3. The response surface 
equations for the descent stage mass model are represented as: 

N N N 


i=l i=l y=t 
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where N is the number of independent variables, x,- are the independent variables, y k are the dependent variables, 
and (3 are coefficients for the response surface equations. Values for p for all eight architectures are listed in tables 
A3-A4 of the Appendix. 


Table 5 SRP mass (kg) breakdown for architectures 1 and 3 


Mass Item 

Arch 1 - 
Rigid Mid- 
L/D Aeroshell 

Arch 1 - Retro 
Propulsion 
Stage 

Arch 3 - Retro 
Propulsion 
Stage 

Primary Body + Thrust Structure 

0.0 

2076.3 

4353.2 

Secondary Body Structure 

0.0 

519.1 

1088.3 

Aeroshell Structure, TPS, Misc Mass 

25111.8 

0.0 

0.0 

Multilayer Insulation 

0.0 

107.2 

83.2 

Space Engines & Installation 

0.0 

1845.9 

2623.4 

RCS Engines & Installation 

202.5 

153.7 

153.7 

MPS Fuel Tanks & Feed/Fill/Drain Sys. 
MPS Oxidizer Tanks & Feed/Fill/Drain 

0.0 

471.6 

1877.4 

Sys. 

0.0 

512.1 

3150.3 

RCS Fuel Tanks & Feed/Fill/Drain Sys. 
RCS Oxidizer Tanks & Feed/Fill/Drain 

129.9 

74.0 

267.1 

Sys. 

134.4 

81.8 

310.9 

Pressurization System 

0.0 

90.9 

1244.9 

Power Management & Distribution 

0.0 

366.1 

366.1 

Command, Control, and Data Handling 

0.0 

12.7 

12.7 

Guidance & Navigation 

0.0 

10.3 

10.3 

Communications 

0.0 

61.0 

61.0 

Vehicle Health Management 

0.0 

0.0 

0.0 

Cabling and Instrumentation 

0.0 

35.4 

35.4 

TCS Heat Acquisition 

0.0 

120.1 

120.1 

TCS Heat Transport 

0.0 

322.9 

322.9 

TCS Heat Rejection 

0.0 

325.0 

325.0 

Landing Legs 

0.0 

1317.7 

1801.6 

System Level Margin 

7673.6 

2551.2 

5462.3 

Mass Growth Allowance 

3836.8 

1275.6 

2731.1 

Dry Mass w/ Growth 

37089.1 

12330.6 

26400.9 

Pressurant 

2.9 

53.2 

684.8 

Unused Fuel 

41.8 

73.5 

1113.6 

Unused Oxidizer 

68.9 

252.0 

3863.4 

Inert Mass 

37202.6 

12709.2 

32062.8 

Usable OMS Fuel 

0.0 

3155.8 

52258.4 

Usable OMS Oxidizer 

0.0 

11045.3 

182904.3 

Usable RCS Fuel 

2088.9 

517.7 

3422.1 

Usable RCS Oxidizer 

3446.7 

1553.2 

10266.3 

Gross Mass 

42738.2 

28981.2 

280913.9 
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IV. Summary 


This paper presented an overview of the parametric mass model used for Entry, Descent, and Landing Systems 
Analysis study conducted by NASA in FY2009-2010. The paper provides mass models for eight unique exploration 
class architectures that included elements such as a rigid mid-L/D aeroshell, a lifting hypersonic inflatable 
decelerator, a drag supersonic inflatable decelerator, a lifting supersonic inflatable decelerator implemented with a 
skirt, and subsonic/supersonic retro-propulsion. 
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Appendix 


Table A1 Response surface equations for rigid aeroshell structure mass 



Lower Bound 

Upper Bound 

Variable 

Names 

Sample 

Result 

Mass Model Equations 

Aerocapture Mass Minus Strucuture Mass, mT 

100 

150 

Cl 

110 


Diameter, m 

8 

12 

C2 

10 

Barrel Length, m 

25 

35 

C3 

25 

Max Aerocapture and Entry Dynamic 
pressure, kPa 

0 

20 

C4 

11 

erocapture and Entry Lateral Deceleration, 
Earth Gs 

0 

4.5 

C5 

3.0 

Max Aerocapture and Entry Axial 
Deceleration, Earth Gs 

0 

-2 

C6 

-0.4 

Total Surface Area, m2 



C7 

1021 

PI()*C2*(C3+C2/2+C2/4) 

Structural Mass, kg 



C8 

5073 

C7*EXP(- 1. 5774462 + LN(C1) * 
(0.58278956) + LN(C2) * (-0.8533078) + 
LN(C3) * (0.65239167) + C4 * (-0.00765) 
+ C5 * (0.133) + C6 * (0.00748)) 

Total Structural Mass, kg 



C9 

6341 

C8*1.25 

Smeared Unit Mass, kg/m2 



CIO 

6.21 

C9/C7 


Table A2 Response surface equations for HIAD aeroshell structure mass 



Lower 

Bound 

Upper 

Bound 

Variable 

Names 

Sample 

Result 

Mass Model Equations 


HIAD Mass Model I 

HIAD Diameter, m 

20 

80 

d 

24 


Max Dynamic Pressure, Pa 

100 

2000 

q 

2000 

Approximate HIAD Mass, kg 



Mass 

1093 

Mass = PI()/4 * d * d * 
(0.19820998 + 
d *(0.01535624) + 
q *(-0.0003258) + 
d*d *(-0.0001801) + 
d*q *(0.0000540113) + 
q*q *(0.00000000286428)) 



dIAD Mass Model II 

HIAD Diameter, m 

20 

80 

d 

40 


Max Dynamic Pressure, Pa 

2000 

6000 

q 

3600 

Approximate HIAD Mass, kg 



Mass 

9005 

Mass = PI()/4 * d * d * 
(0.19820998 + 
d* (0.01535624) + 
q * (-0.0003258) + 
d*d *(-0.0001801) + 
d* q *(0.0000540113) + 
q* q * (0.00000000286428)) 
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Table 4 Response surface equations for SRP with no pre-entry jettison (architectures 1, 2, 6, 7, and 8) 
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